ABSTRACT: Qualitative and quantitative observations were made of the density and growth of the sensory epithelia, hair cell number, and otoliths of the 3 pairs of end organs (saccule, lagena, and utricle) of the inner ear of European hake Merluccius merluccius (35 to 100 mm length) caught in the northwestern Mediterranean Sea. This is the period in the hake's life-history during which the transition from pelagic to epibenthic forms (settlement period) occurs. The results demonstrate a quantitative inversion in the percentage of the sensory epithelia area and the number of hair cells between the saccule and utricle over this time period. This period is also coincident with the settlement period that takes place when most individuals are ca. 50 mm, at which time the fish become epibenthic. These quantitative changes in the ear could be related to ecological changes in mobility and feeding.
INTRODUCTION
Comparative studies of organisms' morphological features, and their relationship to the environment and its changes, are important for understanding the interactions between them (Ricklefs & Miles 1994 , Norton et al. 1995 . Moreover, the study of sense-organ morphology is essential in the explanation of the mechanisms that regulate animal distribution during ontogeny (Blaxter 1988) .
Fishes, like all other vertebrates, gain a great deal of information about their environment by listening to background noises, particularly when they come from beyond the visual range of the animal (Fay & Popper 2000 , Popper et al. 2003 . This information may be in the form of sounds of predators or prey, or may be other environmental sounds such as waves, reflections of energy from the bottom, or the sounds of a coral reef. Although not demonstrated in any studies to date, it may be hypothesized that developmental changes might occur in the auditory system of a fish as it takes up life in new habitats (Norton et al. 1995) .
One fish species that would allow testing of this hypothesis is the European hake Merluccius merluccius, a member of the order Gadiformes. Merluccius shows substantial changes in lifestyle during the time between hatching and reaching the age at which the species is commercially important (Recasens et al. 1998) . Presumably, some of the changes that the fish undergo as they mature include adjustments in their ability to detect sensory signals as they change lifestyles.
Supporting this suggestion are the results from an earlier study in which we demonstrated that as hake grew from 100 to over 750 mm, they also showed substantial changes in the size of the ear, including the number of sensory hair cells (Lombarte & Popper 1994 ). Although we could not do behavioral studies on hearing in this species, the increase in the number of sensory hair cells, the transducing element of the inner ear, went from ca. 50 000 ear -1 in fishes that were 100 mm total length, to over 2 million ear -1 in fish that were ca. 9 yr of age and just over 750 mm in total length. In particular, the saccule, the major end organ of the ear involved with hearing, showed the most substantial increase in hair cell number, leading us to suggest that the increase may be related to changes in the ecology and behavior of hake as they moved to depths as great as 800 m (Lombarte & Popper 1994 , Recasens et al. 1998 .
More recent data support the hypothesis that the changes in the size of the ear may be correlated with ecology and behavior. Studies on the feeding ecology of Merluccius merluccius (Guichet 1995 , Bozzano et al. 1997 ) suggest a very different diet in fish of different sizes. Larvae and the earliest pelagic juveniles have a maximum vertical density of 50 to 60 m in depth (Olivar & Sabatés 1997 , Motos et al. 2000 , Olivar et al. 2003 . Pelagic larvae of various Merluccius species are zooplanktivorous, and prey and predators can potentially be found all around the larvae (Cass-Calay 2003) . Once the fish reach 40 to 50 mm in total length, they go to the bottom (Arneri & Morales-Nin 2000, Lleonart 2001 , Maynou et al. 2003 ) and live at depths from 100 to 200 m (Recasens et al. 1998) . Concurrently, the fish become benthic feeders and consume small crustaceans that live associated with the bottom (Bozzano et al. 1997 , Lleonart 2001 . After fish reach 200 mm in length, their diet is composed of various fishes, with the major food source being other gadiform species such as Micromesisitius poutassou or Trisopterus minutus, and clupeiforms such as anchovy Engraulis encrassicolus and Sardina pilchardus. The largest specimens of M. merluccius in Atlantic waters also feed on the carangid Trachurus trachurus, and myctophids are also a minor prey.
Although our earlier work involved hake after their settlement period, it is possible that the transition from pelagic postlarval to epibenthic (or demersal) juvenile forms also show changes in ear structure as they develop and inhabit different ecological niches and change their feeding habits. Thus, the purpose of this study was to investigate changes in the end organs of the ear associated with hearing in fishes during the period of transition from pelagic to epibenthic forms. It is clear that the period of time in the life of European hake studied here includes the time in which they undergo the largest changes in their life history, including in habitat, feeding resources, and behavior (Olivar & Sabatés 1997) . We therefore hypothesize that morphological changes observed in this period should be correlated with adaptations from pelagic to epibenthic environments.
MATERIALS AND METHODS
Analysis of sensory hair cells of the inner ear was done on 9 European hake Merluccius merluccius that were 35, 45, 50, 55, 60, 75, 80, 95 , and 100 mm in total length, a size range that corresponds to ages of 50 to 200 d (Arneri & Morales-Nin 2000) . The specimens were collected in oceanographic vessels in the Catalan Sea (northwestern Mediterranean) at depths between 100 and 200 m (Lleonart 2001) . All the fish were dead either when they arrived at the surface or shortly after, and most were dead for several minutes before they could be fixed and prepared for study. In order to fix the tissue, the heads were opened and the otic endorgans were exposed and fixed in 2.5% gluteraldehyde in 0.2 M phosphate buffer. Additional fixative was injected into the otic capsule to improve fixation. Afterward, sensory epithelia of the inner ears of each specimen were removed and prepared for scanning electron microscopy (SEM) using methods similar to those described earlier (Lombarte & Popper 1994) . The samples were mounted flat on aluminum stubs, coated with gold, and viewed with a HITACHI S 570 SEM operating at 15 kV.
It was not possible to count all the hair cell ciliary bundles in a single epithelium because the number was very high in larger specimens. Consequently, we counted the number of ciliary bundles in selected areas of each end organ and then used these values to estimate the total number of ciliary bundles in each end organ. The same regions of each end organ were sampled in all specimens (Fig. 1 ). These regions were identified in each end organ by establishing general physical landmarks (e.g. points of curvature, bends). Twelve regions were sampled from the saccule, 6 from the utricle, and 5 from the lagena (Fig. 1 ). In the utricle and lagena, 2 samples were taken from the striolar region of the epithelium, a morphologically differentiated central area of both end organs (Lombarte et al. 1993) . The density values were used to estimate the total number of hair cells per end organ. These data were used to calculate the density, in number of hair cells per 1000 µm 2 , as in our earlier study (Lombarte & Popper 1994) .
The selected regions were photographed at 3000 ×, representing an area that was 31 × 33 µm. All the hair cells in each photograph were counted (Lombarte & Popper 1994) .
The area of each sensory epithelium divided by the area of their corresponding otolith (M:O ratio) was also calculated for every end organ studied. The areas of sensory epithelia and otoliths were measured by the OPTIMAS digital processing system from low-power SEM photographs.
The morphometric relationships between different characters of the inner ear (density of ciliary bundles, number of bundles, otolith area, and epithelium) and fish body length were determined by fitting a power equation
, where a is x coefficient and b is slope. A Student's t-test was used to compare slopes (b) of the morphometric relationships with hypothetical values of isometry. The confidence limits for parameter b were calculated for the 95% level of significance.
RESULTS

Inner ear morphology
The shape of the ear (Fig. 1) , sensory epithelia, and hair-cell orientation patterns (Fig. 2) are very similar to the late juveniles and adults described by Lombarte & Popper (1994) . The hair-cell orientation patterns on the utricle and lagena are very similar across the size classes used in this study. Only minor differences were observed in the saccular epithelium, although, like adult species, the orientation pattern of even the smallest fish studied is organized in the typical dual pattern found in gadiform fishes (Popper & Coombs 1982) . In the smaller individuals, the sizes of the rostral area and caudal areas of the saccular macula are very similar to one another, and the narrow central area dividing them is also very short. The second difference was an increase in the proportion of horizontally oriented cells in relation to vertically oriented cells compared with that in the larger individuals.
Hair cell density
The 3 end organs differed from one another in the density of their ciliary bundle (Fig. 3) , although there were no statistically different densities within any single end organ. The highest density was found in the lagena (between 73 and 106 hair cells per 1000 µm 2 ) and the utricle (between 68 and 107 hair cells per 1000 µm 2 ), whereas the saccule had the lowest density (between 50 and 73 hair cells 1000 µm 2 ). A density decrease was observed in the 3 end organs as the fish grew (Table 1, Fig. 4) .
Growth of the sensory epithelia
A postembryonic increase in the area of the sensory epithelia and in the number of sensory hair cells was (Fig. 5) . The growth of the area and the number of hair cells of the saccule shows a positive allometric relationship to fish length. In contrast, the utricle and lagena growth shows an isometric relationship to fish length (Table 2) . In relation to the sensory epithelium area (Fig. 5a ), juveniles up to 5 cm in total length had a utricle that was larger than the saccule. At 35 mm, each utricle was ca. 0.050 mm 2 and each saccule was less than 0.036 mm 2 . After 50 mm, these relationships changed and the area of saccular sensory epithelium became greater than that of the utricle. At 60 mm, each saccule measured ca. 0.13 mm 2 and the utricle ca. 0.08 mm 2 , and at 100 mm, the differences became greater, with each saccule measuring close to 0.70 mm 2 and each utricle ca. 0.30 mm 2 . The number of hair-cell ciliary bundles also changed with size of the fish (Fig. 5b) . Until fish reached The percentage of the total sensory epithelium area in each ear from each end organ is shown in Fig. 6a . The saccular epithelium in a 35 mm specimen represents 30% of the total sensory area of each ear, whereas the utricle was ca. 55% and the lagena 15%. At 55 mm, the saccule and utricle are each ca. 40% of total end organ area, whereas the lagena is 20%. In a 100 mm-long fish, the saccule is 60% of the total sensory area, whereas the utricle is 30% of the area and the lagena is 10%. Because the density of hair cells in the lagena and utricle is higher than that for the saccule, the percentage of bundles in the saccule in relation to the total number of hair cells in all of the end organs of an ear is smaller than the percentage of sensory area (Fig. 6b) . At 35 mm, only 25% of cells are in the saccule, but this percentage increases to near 50% in fish between 60 and 100 mm. In contrast, the percentage of cells in the utricle decreases from 60% at 35 mm to less than 40% at 100 mm. In the lagena, the percentage of hair cells varies between 11 and 25% of the total.
Otolith area growth and M:O ratio changes
The utricular and lagenar otoliths (lapillus and asteriscus, respectively) grow at a slower rate than does the saccular otolith (sagitta). The saccular otolith is always the largest of the 3 otoliths, and its size increment shows a positive allometric relationship with fish 
DISCUSSION
Importance of morphological changes of inner ear
The data on the small specimens of Merluccius studied here show the characteristic saccular dual hair-cell pattern that has been reported in adult hake (Lombarte & Popper 1994) , other members of its genus (Lombarte & Fortuño 1992) , and other Gadiformes (Dale 1976 , Popper 1980 , Popper 1981 ). The few differences found in the smallest individuals follow the growth trends observed in our study of adult hake. Taken together, the results of the 2 studies show that as hake grow from larval forms to adults, there are continuous changes in the saccular sensory epithelium that includes increases in the proportion of vertically oriented cells and in the area of the caudal portion of the epithelium.
The inversion in the percentage of sensory epithelia area and number of hair cells between the saccule and utricle is coincident with the settlement period that takes place when most individuals are around 50 mm, during which time the fish in this study become epibenthic. These quantitative changes in the ear could be related to ecological changes. Individuals pass from a pelagic life with zooplanctivorous feeding (related to a passive method to capture prey) to an epibenthic habitat where the hake become specialized in the capture of small mobile and epibenthic crustaceans. If the function of the utricle (with greatest development than the other end organs in the pelagic phase) is basically related to equilibrium, the change could correspond to a decrease in the need to maintain the spatial position in the water column. When the fish become epibenthic and active predators, the development of the saccule, which potentially has an auditory function in this species, could be related to the ability to locate and follow motile preys (Guichet 1995 , Bozzano et al. 1997 , Bozzano & Catalan 2002 .
A somewhat different correlation may also be possible. Although there are no embryonic studies of development of the ear in any gadiform species, studies on several other species including the oyster toadfish Opsanus tau show that the utricle is the first end organ to develop (Sokolowski & Popper 1988) . If this is the case in hake, it is possible that the change in ecology and behavior of this species is delayed until the saccule is of sufficient size to detect sounds that may be involved in prey capture, and this occurs once the saccule is larger than the utricle.
In contrast to growth patterns of the sensory epithelia of the 3 end organs, the saccular otolith was the largest otolith in all fish greater than 35 mm in total length. A similar feature was observed in Merluccius merluccius from the Adriatic Sea (Arneri & MoralesNin 2000) . Moreover, the size difference in relation to the other 2 otoliths (lapillus and asteriscus) increased with fish growth (see Fig. 8 ). These differences between otolith growth and sensory epithelia growth implied differences in the M:O ratio.
Other sensory morphological changes during the settlement period
During the settlement period of Merluccius, there are not only morphometric changes in the inner ear, but also substantial changes in the retinal topography (Bozzano & Catalan 2002) . Bozzano & Catalan (2002) found that in fish between 40 and 50 mm in length, the visual axes are directed upward and downward, suggesting a relationship with the location of the fish in the water column and with its pelagic lifestyle. After 50 mm, the fish show a widening of the dorsorostral and ventral fields of best vision, and this may be related to the location of prey (small epibenthic crustaceans) and possible predators (other epibenthic fishes). In the later juvenile and adult phases, measuring between 100 and 800 mm, there is also a correspondence between inner ear and retinal adaptations. The increase in the proportion of rod cells in the retina (Mas-Riera 1991 , Bozzano & Catalán 2002 ) is parallel to the increase in the proportion of hair cells in the saccule of the inner ear (Lombarte & Popper 1994 ) and the increase in the depth range (hake greater than 350 mm in length live at depths up to 800 m; Recasens et al. 1998) and their higher proportion of high motile prey such as clupeiform and gadiform fishes (Gichet 1995 , Bozzano et al. 1997 . These specializations become essential to living at depths that have limited light. Thus it appears that the changes in both the eye and inner ear could be correlated to the ecological changes during the period of greatest ecological changes in the life history of M. merluccius.
The changes in sensory structures can help explain how the hake could be adapted to the radical changes produced in the transition from pelagic to epibenthic juvenile larvae. These different habitats present different abiotic and biotic challenges, including changes in the hydrodynamic regime and habitat structure (Balon 1986 , McCormick 1993 . In their initial phases of life, being pelagic is related with life in the water column and feeding on zooplankton, where it is necessary to have good equilibrium. At the same time, these fishes most probably have minimal ability to avoid predators or seek prey.
Finally, this study highlights the importance of research into ontogenetic changes in sensory systems in order to attempt to correlate morphological changes with functional adaptations (Norton et al. 1995) . Therefore, the results allow us to avoid phylogenetic interferences, those masked adaptive changes, which could appear when morphological differences between different species are compared (Losos & Miles 1994) .
